Transcription of the nrdDG operon, which encodes the class III nucleotide reductase, which is only active under anaerobic conditions, was strongly induced after a shift to anaerobiosis. The induction was completely dependent on the transcriptional activator FNR and was independent of the ArcA-ArcB two-component response regulator system. The nrdD transcript start site was mapped to a position immediately downstream of two FNR binding sites. Transcription of the other two nucleotide reductase operons, nrdAB and nrdEF, did not respond to oxygen conditions in a wild-type background, but nrdAB expression was increased in the fnr mutant under anaerobic conditions.
The Escherichia coli genome contains three operons (nrdAB, nrdHIEF, and nrdDG) encoding ribonucleotide reductases, which supply the deoxynucleoside triphosphate (dNTP) substrates for DNA replication. The nrdAB operon codes for the primary aerobic reductase, a class Ia tyrosine-cysteine radical enzyme that reduces NDP substrates by using thioredoxin and glutaredoxin (15) . The nrdEF genes encode an auxiliary weakly expressed class Ib enzyme (15) that, in addition to glutaredoxin, utilizes the nrdH gene product as an electron transporter (14) . The nrdD gene encodes a class III reductase containing an oxygen-sensitive glycyl radical (15) , similar to that of pyruvate formate lyase. The NrdD reductase is activated by the nrdG-encoded activase under anaerobic growth conditions (22) and is irreversibly inactivated by oxygen. The nrdAB-encoded reductase is essential under aerobic growth conditions, while the nrdD gene is essential under strict anaerobic growth conditions (9) in which the FeIII tyrosyl radical of the class Ia enzyme is inactive.
The nrdAB operon is transcribed from two promoters (7), and transcription is activated by Fis (4) and IciA (12) and probably also by DnaA, because mutations in the two DnaA binding sites in the promoter region reduce expression (4) . The operon is cell cycle regulated (21) , and expression is stimulated by inhibition of the nrdAB-encoded nucleotide reductase by hydroxyurea (9, 10) as well as by inactivation of the genes encoding thioredoxin and glutaredoxin (18) . Like nrdAB, the nrdHIEF operon is induced by hydroxyurea (13) and in strains lacking thioredoxin and glutaredoxin (17) . In addition, nrdHIEF is induced by oxidative stress (17) . Very little is known about regulation of expression of the nrdDG operon except that the level of enzyme activity is increased under anaerobic growth conditions (9). Here we have constructed single-copy transcriptional lacZ fusions of the three nrd operons and investigated their expression as a function of aeration and in strains carrying mutations in the two main transcriptional regulators for aerobic/anaerobic shifts, FNR and ArcA. FNR activates transcription of a number of genes coding for enzymes required under anaerobic growth conditions and represses transcription of some genes for aerobic functions (11, 20) . Under anaerobic conditions, ArcA, the response regulator of the two-component ArcA-ArcB system, represses many genes for aerobic functions and activates transcription of some other genes (11) .
Construction of transcriptional lacZ fusions to the nrd promoters. The promoter regions of the three nrd operons (Fig. 1) were amplified by PCR and cloned in front of the lacZ gene of the promoter cloning vector pTAC3953 (6) . The fusions were subsequently integrated into the attachment site as described previously (2) and transferred to strain LJ24 by P1 transduction to obtain the strains BOS7 to BOS9 illustrated in Table 1 , and these strains were used to construct isogenic derivatives carrying the fnr1 and arcA1 mutations.
Expression of the nrd operons under aerobic and anaerobic conditions. The wild-type strains carrying the three nrd-lacZ fusions were grown with full aeration, and part of the cultures were then shifted to anaerobic growth conditions as described in reference 6. Cell mass (optical density at 450 nm [OD 450 ]) and ␤-galactosidase activity were measured throughout the experiment. As expected, expression of the p nrdA Ј-lacZ fusion was very high, and that of the p nrdH Ј-lacZ fusion was very low ( Table 2 ). Expression of both fusions was unaffected by the shift to anaerobiosis ( Table 2 ). During steady-state anaerobic growth, expression of the p nrdA Ј-lacZ and p nrdH Ј-lacZ fusions was reduced to 50% of that observed immediately after the shift (data not shown). In contrast, the level of nrdD expression was low during exponential aerobic growth and increased 20-fold upon a shift to anaerobic growth conditions ( Fig. 2 and Table 2 ). The p nrdD Ј-lacZ fusion was also strongly induced in the aerobic culture during the deceleration phase of growth ( Fig. 2A) , reaching approximately 50% of the anaerobic value (Table 2) , while entry into the stationary phase had no effect on expression from the nrdAB or nrdHIEF promoters ( Table 2) .
Effect of fnr and arcA on anaerobic and growth-phase induction of nrdD. Introduction of the arcA1 mutation had no effect on expression of the nrdD operon, while introduction of the fnr1 mutation completely eliminated the anaerobic induction of the ndrD promoter (Fig. 2B) . The differential rate of synthesis of the p nrdD Ј-lacZ fusion increases very shortly after the shift to anaerobiosis in the wild type (Fig. 3) . Thus, the kinetics of induction of the nrdDG operon are very similar to those observed for other anaerobically induced genes, both the FNR-regulated pfl operon (19) and ArcA-regulated genes (1, 6) .
In the absence of the FNR protein, the aerobic exponential expression of nrdD was slightly reduced (Table 2 ) and the stationary-phase induction was virtually absent, indicating that the induction during the deceleration phase of growth is
The promoter regions of the nrdAB, nrdDG, and nrdHIEF operons were amplified from chromosomal DNA of strain LJ24 with the primers Nrd5 and Nrd6 (AAGACGGCGTATTTAATCGC and CGAGATACTGATAATCCGGC, respectively), NrdD-F and NrdD-B (TTATGTCGACCACTGGCAACAAGGAATGCAC and TAAGATCTTTCCGCTGCTTTAGCTGCAC, respectively), and NrdE-1 and NrdE-2 (TTCTGTCGACGGATCATATGTTTAACCGACC and AGGTTAGATCTGAAGATACGGCGCGATG, respectively). The nrdA fragment was digested with TaqI and cloned into the promoter cloning vector pTAC3953 (6) digested with BstB1, while the nrdD and nrdH promoter fragments were digested with SalI and BglII and inserted into pTAC3953 digested with the same enzymes. The lacZ fusions from the three plasmids were subsequently transferred into the attachment site as described in reference 2 to obtain strains BOS7, BOS8, and BOS9. The correct promoter lacZ fusion in these strains was verified by sequencing. The lacZ fusions from the three plasmids in Fig. 1 were inserted into the attachment site as described previously (2) Table 2 ). This stationary-phase induction is probably not due to RpoS, the stationary-phase sigma factor, because the promoter does not contain any of the RpoS-dependent promoter signatures (Fig. 1B) and the induction occurs very late in the growth cycle relative to the time at which maximal RpoS levels are reached in this strain under these growth conditions (T. Atlung, unpublished data). Localization of the nrdD promoter. Analysis of the sequence between the treC and nrdD genes revealed two good homologies to FNR binding sites (20) located upstream of two putative Ϫ10 promoter sequences (Fig. 1B) . To determine which of these is actually the promoter, we mapped the transcript start site by primer extension using the nrdDG2 primer, complementary to sequences 160 residues downstream of FNR site 1. We detected only one transcript start site in RNA from anaerobically grown wild-type cells, while no specific primer extension products were detected with RNA from the fnr mutant (Fig. 4) . The same result was obtained with a primer located closer to the promoter (data not shown). Thus the nrdDG operon is transcribed from a single promoter that has two FNR FIG. 2. p ndrD Ј-lacZ expression under aerobic (A) and anaerobic (B) growth conditions. Strains BOS8 (fnr ϩ ) and BOS14 (fnr1) were grown with good aeration at 37°C in AB minimal medium (8) supplemented with 1% Casamino Acids (Difco), 0.2% glucose, and 1 g of thiamine per ml. At the time corresponding to t ϭ 0 min, part of the cultures were shifted to anaerobic growth conditions obtained as previously described (6) , while the other part of the cultures remained under aerobic conditions. Samples were taken for determination of cell mass and ␤-galactosidase activity as described previously (6) . a The strains were grown and ␤-galactosidase activity was determined as described in the legend to Fig. 2 . The values for aerobic exponential growth are the average of specific ␤-galactosidase activity in at least six samples taken from the cultures at a cell mass represented by an OD 450 of between 0.1 and 0.8. The values for anaerobic exponential growth are the slopes from differential plots of ␤-galactosidase versus OD 450 (see Fig. 3 for an example), where the slopes are based on at least six points at OD 450 s of between 0.1 and 0.8. The specific ␤-galactosidase activity values for the stationary phase are the average of the two to three samples taken after cessation of growth. All values are the average of at least two experiments, which all showed less than 25% variation between experiments.
sites: one centered at position Ϫ65 relative to the transcript start site and the second located on top of the Ϫ35 sequence of the promoter. It is therefore very likely that transcription from the nrdD promoter is stimulated directly by FNR upon its activation by a shift to anaerobiosis.
Effect of fnr and arcA on expression of nrdA. We also tested the effect of mutations in the two transcriptional regulators on expression of the nrdAB promoter, because we had observed a small but reproducible decrease in the levels of ␤-galactosidase activity in the wild type in the stationary phase under anaerobic growth conditions ( Table 2 ). Expression of nrdA was independent of ArcA (Table 2 ), but we found a significant increase in the anaerobic stationary-phase expression of nrdA in the fnr mutant. No FNR sites are found close to the nrdA promoter, but there is a site showing reasonable homology for one halfsite overlapping the promoter-proximal IciA binding site, and since IciA stimulates transcription (12) , FNR could repress transcription by interfering with IciA binding. It has previously been found that nrdAB-encoded nucleotide reductase levels were increased in an nrdD-null mutant under microaerophilic conditions (9) . We therefore favor the alternative hypothesis that the low level of NrdD ribonucleotide reductase activity in the fnr mutant causes the increased expression of nrdA by the same unknown induction mechanism as inhibition of NrdAB reductase activity by hydroxyurea, nrdA inactivation by mutation, or the absence of thioredoxin and glutaredoxin.
Conclusions. Expression from the nrdD promoter exhibits FNR-dependent and ArcA-independent induction by anaerobiosis and by oxygen limitation in the stationary phase. The promoter is most probably directly activated by binding of FNR to the two FNR binding sites found in positions similar to those found for other FNR-regulated promoters. Expression of the nrdA promoter is independent of oxygen availability and growth phase, except for prolonged growth under anaerobic conditions or entry into the stationary phase during anaerobic growth, where expression is reduced in the wild type but increased in the fnr mutant, probably in response to the sum of activity of the nucleotide reductases.
